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ABSTRACT 

Amputation  of  the  digit  tip  within  the  terminal  phalangeal  bone  of  rodents,  monkeys,  and  humans  results  in  near¬ 
perfect  regeneration  of  bone  and  surrounding  tissues;  however,  amputations  at  a  more  proximal  level  fail  to  produce 
the  same  regenerative  result.  Digit  regeneration  is  a  coordinated  multi-faceted  process  that  incorporates  signaling 
from  bioactive  growth  factors  both  in  the  tissue  matrix  and  from  several  different  cell  populations.  To  elucidate  the 
mechanisms  involved  in  bone  regeneration  we  developed  a  novel  multi-tissue  slice  culture  model  that  regenerates 
bone  ex  vivo  via  direct  ossification.  Our  study  provides  an  integrated  multi-tissue  system  for  bone  and  digit 
regeneration  and  allows  us  to  circumvent  experimental  limitations  that  exist  in  vivo.  We  utilized  this  slice  culture 
model  to  evaluate  the  influence  of  oxygen  on  regenerating  bone.  Micro-computed  tomography  (?CT)  and  histological 
analysis  revealed  that  the  regenerative  response  of  the  digit  is  facilitated  in  part  by  a  dynamic  oxygen  event,  where 
mutually  exclusive  high  and  low  oxygen  micro-environments  exist  and  vacillate  in  a  coordinated  fashion  during 
regeneration.  Areas  of  increased  oxygen  are  initially  seen  in  the  marrow  and  then  surrounding  areas  of  vasculature  in 
the  regenerating  digit.  Major  hypoxic  events  are  seen  at  7  days  post- amputation  (DP A)  in  the  marrow  and  again  at 
DPA  12  in  the  blastema,  and  manipulation  of  oxygen  tensions  during  these  hypoxic  phases  can  shift  the  dynamics  of 
digit  regeneration.  Oxygen  increased  to  21%  oxygen  tension  can  either  accelerate  or  attenuate  bone  mineralization  in 
a  stage-specific  manner  in  the  regenerative  timeline.  These  studies  not  only  reveal  a  circumscribed  frame  of  oxygen 
influence  during  bone  regeneration,  but  also  suggest  that  oxygen  may  be  one  of  the  primary  signaling  influences 
during  regeneration. 
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Abstract 

Amputation  of  the  digit  tip  within  the  terminal  phalangeal  bone  of  rodents,  monkeys,  and  humans  results  in  near¬ 
perfect  regeneration  of  bone  and  surrounding  tissues;  however,  amputations  at  a  more  proximal  level  fail  to 
produce  the  same  regenerative  result.  Digit  regeneration  is  a  coordinated  multi-faceted  process  that  incorporates 
signaling  from  bioactive  growth  factors  both  in  the  tissue  matrix  and  from  several  different  cell  populations.  To 
elucidate  the  mechanisms  involved  in  bone  regeneration  we  developed  a  novel  multi-tissue  slice  culture  model  that 
regenerates  bone  ex  vivo  via  direct  ossification.  Our  study  provides  an  integrated  multi-tissue  system  for  bone  and 
digit  regeneration  and  allows  us  to  circumvent  experimental  limitations  that  exist  in  vivo.  We  utilized  this  slice 
culture  model  to  evaluate  the  influence  of  oxygen  on  regenerating  bone.  Micro-computed  tomography  (pCT)  and 
histological  analysis  revealed  that  the  regenerative  response  of  the  digit  is  facilitated  in  part  by  a  dynamic  oxygen 
event,  where  mutually  exclusive  high  and  low  oxygen  micro-environments  exist  and  vacillate  in  a  coordinated 
fashion  during  regeneration.  Areas  of  increased  oxygen  are  initially  seen  in  the  marrow  and  then  surrounding  areas 
of  vasculature  in  the  regenerating  digit.  Major  hypoxic  events  are  seen  at  7  days  post-amputation  (DP A)  in  the 
marrow  and  again  at  DP  A  12  in  the  blastema,  and  manipulation  of  oxygen  tensions  during  these  hypoxic  phases 
can  shift  the  dynamics  of  digit  regeneration.  Oxygen  increased  to  21%  oxygen  tension  can  either  accelerate  or 
attenuate  bone  mineralization  in  a  stage-specific  manner  in  the  regenerative  timeline.  These  studies  not  only  reveal 
a  circumscribed  frame  of  oxygen  influence  during  bone  regeneration,  but  also  suggest  that  oxygen  may  be  one  of 
the  primary  signaling  influences  during  regeneration. 

K  ey  W  ords:  Cell/Tissue  Signaling  -  other.  Bone  QCT/pCT,  Matrix  mineralization.  Molecular  pathways  - 
remodeling.  Cells  of  bone  -  osteoblasts 
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I  ntroduction 

Oxygen  has  been  implicated  in  almost  every  mechanism  of  multicellular  existence  and  is  readily  diffusible 
across  cell  membranes,  necessitating  a  complex  system  to  maintain  cellular  and  organismal  oxygen  homeostasis.  It 
is  hard  to  overstate  the  significance  of  oxygen  in  wound  healing  and  regeneration;  however,  the  ability  to  both 
control  and  measure  oxygen  tension  in  vivo  presents  an  impediment  to  investigating  oxygen  at  a  cellular  level.  As  a 
result,  little  is  known  regarding  the  influence  of  oxygen  during  complex  processes  like  regeneration. 

Digit  tip  regeneration  is  a  well-characterized  series  of  phases  that  provides  a  predictable  model  in  which 

to  study  environmental  influences  such  as  oxygen.  After  amputation,  the  terminal  phalangeal  element  (P3)  in 
humans  primates,  and  mice  regenerates  The  regenerative  process  occurs  regardless  of  age  in  both  mice 
and  humans  Digit  regeneration  in  adult  mice,  after  the  growth  plate  has  completed  ossifying  and  the 
terminal  phalangeal  element  has  reached  maximal  length  follows  a  defined  sequence  of  phases  (or  stages) 
including  a  bone  degradation  and  epidermal  closure  phase  (7  to  12  days  post-amputation,  DPA  7-12),  a  blastema 
formation  phase  (DPA  12),  and  a  blastema  differentiation  phase  (DPA  14  and  later)  in  which  the  bone  and 
surrounding  connective  tissue  is  reformed  In  vivo  the  mouse  digit  tip  regeneration  culminates  in  woven 
cancellous  bone  that  does  not  completely  remodel  into  cortical  bone,  even  after  128  days  The  mouse  digit 
blastema  is  a  temporary  structure  composed  of  undifferentiated,  proliferating  cells  which  express  developmentally 
relevant  genes  similar  to  the  regenerating  limbs  of  salamanders  and  is  central  to  the  regenerative  process 
The  digit  blastema  shows  reduced  vascularity  and  precedes  the  intramembranous  formation  of  bone, 
which  is  largely  linked  to  angiogenic  events  in  skeletal  development  While  the  vascular  profiles  suggest  a 
changing  oxygen  microenvironment  during  digit  regeneration,  actual  oxygen  tensions  during  regeneration  have  yet 
to  be  shown.  Furthermore,  reactive  oxygen  species  (ROS)  have  been  shown  to  be  integral  for  Xenopus  and 
zebrafish  regeneration  and  are  consistent  with  the  idea  that  oxygen  has  a  specific  role  in  mammalian 
regeneration. 

Oxygen  is  also  essential  for  successful  wound  healing,  and  has  been  the  focus  of  many  studies.  Tissue 

oxygen  availability  in  the  wound  provides  a  basic  biochemical  energy  supply  and  is  necessary  for  the  generation  of 
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ROS  to  protect  the  site  against  bacterial  infection  for  collagen  synthesis  which  ultimately  determines  the 
strength  of  the  newly  fabricated  tissue,  and  for  epithelialization  On  the  other  hand,  hypoxia  in  acute  wounds 
serves  as  an  impetus  for  angiogenesis  and  initiates  the  early  stages  of  wound  healing  via  ROS  initiated  cellular 
signaling  The  seemingly  contradictory  nature  of  oxygen’s  effect  on  cell  activity  can  be  difficult  to  unravel  in 
vivo. 

In  vitro  experiments  can  offer  some  insight  into  oxygen’s  influence  on  cells.  However,  most  in  vitro 
approaches  are  limited  by  the  lack  of  relevant  structures.  To  overcome  this  limitation,  we  employ  a  multi-tissue 
slice  culture  technique.  Slice  culture  is  an  ex  vivo  technique  predominantly  used  to  evaluate  neuronal  connectivity, 
since  it  maintains  the  integrity  of  the  neuronal  architecture  Building  upon  this  technique,  one  group  established 
a  slice  culture  model  of  rat  incisor  teeth  to  study  dentinogenesis,  which  requires  contact  between  odontoblasts  and 
the  dentine  matrix  to  maintain  phenotypic  morphology,  secretory  activity,  and  cell-cell  and  cell-matrix  interactions 
Similarly,  subsequent  studies  were  able  to  culture  explanted  calvarial  bones  to  better  understand  bone  growth 
and  underlying  mesenchymal  interactions  Thus,  the  slice  culture  model  offers  better  control  over 
experimental  variables  such  as  oxygen  while  maintaining  the  structural  integrity  of  a  bone  regenerating 
environment. 

In  this  study  we  create  and  characterize  a  slice  culture  model  of  the  P3  digit  regenerative  process  and  use 
the  model  to  investigate  the  influence  of  oxygen  on  bone  regeneration.  We  show  that  P3  digit  regeneration  exhibits 
temporally  specific  responses  to  changing  oxygen  tensions  both  ex  vivo  and  in  vivo.  High  oxygen  applied  during  P3 
bone  degradation  exacerbates  and  prolongs  the  degradation  phase.  Increased  oxygen  tension  applied  during  the 
blastema  phase  attenuates  bone  formation.  Finally,  high  oxygen  applied  during  bone  formation  accelerates  bone 
formation  when  compared  to  hypoxic  conditions.  Our  study  identifies  temporally  specific  oxygen  events  during  P3 
regeneration  that,  once  mechanistically  dissected,  will  offer  a  clinical  point  of  intervention  for  future  treatments. 
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Materials  and  Methods 


Amputations  and  animal  handling 

Adult  8-week  old  female  CDl  mice  were  obtained  from  Charles  River  Laboratories  (Wilmington,  MA).  Mice 
were  anesthetized  with  1-5%  isoflurane  gas  with  continuous  inhalation.  The  second  and  fourth  digits  of  one  hind 
limb  were  amputated  at  the  P3  distal  level  as  described  previously  and  regenerating  digits  were  collected  at 
designated  times  for  slice  culture.  The  third  digit  was  used  as  an  unamputated  control.  All  experiments  were 
performed  in  accordance  with  the  standard  operating  procedures  approved  by  the  Institutional  Animal  Care  and 
Use  Committee  of  Tulane  University  Health  Sciences  Center. 

Slice  and  explant  culture 

At  the  designated  day  post-amputation,  mice  were  euthanized  and  sterilized  with  iodine  before  removing  the 
second,  third  and  fourth  digits  from  the  hind  limb  and  placing  in  ice-cold  media  (20%  FBS,  60%  high  glucose 
DMEM,  40%  HBSS).  Digits  were  glued  to  the  sample  platform  with  the  lateral  plane  parallel  to  the  direction  of 
motion  of  the  vibratome  blade.  250  pm  sections  were  made  with  a  Leica  VT1200  vibratome  (Leica,  Buffalo  Grove, 
IL)  such  that  the  marrow  cavity  of  P3  was  not  compromised  by  the  blade,  removing  most  epithelium  and 
connective  tissue  from  each  side  of  the  digit.  Slices  were  then  placed  in  iced  media  and  embedded  in  Extracel 

(Glycosan,  Salt  Lake  City,  UT)  in  a  8.0  pm  PET  track-etched  trans-well  (Falcon,  Franklin  Lakes,  NJ).  For 
explants,  DPA  12  mice  were  euthanized  and  blastemas  were  surgically  removed  on  ice  before  being 
embedded  in  hydrogel.  Samples  were  maintained  at  37°C  in  either  1%  oxygen  (5%  CO2,  balance  N2)  or  standard 
tissue  culture  conditions  (21%  oxygen  and  5%  CO2);  media  was  changed  every  two  days.  Micro-CT  imaging  was 
utilized  for  consistency  of  regenerative  staging  in  the  slice  samples,  DPA  14  samples  included  only  those  that  were 
beginning  to  form  active  bone,  and  DPA  12  samples  included  only  those  that  had  not  yet  begun  to  show  new  bone 
formation. 

Tissue  collection  and  histology 

Digits  were  fixed  overnight  in  zinc -buffered  formalin  (Z-fix,  Anatech,  Battle  Creek,  MI).  Bone  was  decalcified  for 
8  hours  in  a  formic-acid  based  decalcifier  (Decal  I,  Surgipath,  Richmond,  IL).  Once  decalcified,  all  samples  were 
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hydrogel 

blastema 


processed  for  paraffin  embedding  using  a  Leica  TP  1020  f*rocessor  (Leica,  Buffalo  Grove,  IL).  For  the  evaluation 
of  cell  proliferation,  the  Click-iT  EdU  cell  proliferation  assay  (Invitrogen,  Carlsbad,  CA),  based  on  an  analogue  of 
bromodeoxiuridine:  EdU  (5-ethynyl-2’-deoxyuridine),  was  used  according  to  the  manufaeturer’s  protocol.  Click-iT 
TUNEE  assays  (Invitrogen,  Carlsbad,  CA)  were  performed  according  to  the  manufacturer’s  protocol.  Eluorescent 
photomicrographs  were  captured  using  an  Olympus  BX61  deconvolution  microscope  (Olympus  America  Inc, 
Center  Valley,  PA).  Serial  sections  were  stained  with  Mayer’s  hematoxylin  and  Eosin  Y  (Sigma-Aldrich,  St.  Eouis, 
MO)  and  mounted  using  permanent  mounting  medium  (Eisher  Scientific,  Waltham,  MA).  Whole  mount  bone  was 
visualized  with  an  Alizarin  red  stain  as  described  previously  Brightfield  micrographs  were  captured  using  an 
Olympus  DP72  camera  mounted  on  an  Olympus  BX60  mieroscope  (Olympus  Ameriea  Ine,  Center  Valley,  PA) 
and  whole  mount  images  were  captured  using  a  Zeiss  Axiocam  mounted  on  a  Zeiss  Stereoscope  (Carl  Zeiss, 
Oberkoehen,  Germany).  Pinal  figures  were  generated  using  Adobe  Photoshop  CS4. 

F  luorescent  immunohistochemistry  and  quantification  of  oxygen  signal 

Immunofluorescent  staining  was  performed  on  deparaffinized  and  rehydrated  seetions  with  speeific  primary 
antibodies:  osterix  (rabbit  anti-mouse;  Abeam  ab22552,  Cambridge,  MA),  hypoxyprobe™-!  Plus  (Hypoxyprobe, 
Burlington,  MA)  and  PBXE5  (rabbit  anti-mouse.  Abeam  ab  102692,  Cambridge,  MA).  Primary  signal  was 
amplified  with  either  Alexa  Pluor  secondary  antibodies  (Invitrogen,  Carlsbad,  CA)  or  a  tyramide  signal 
amplification  kit  (Invitrogen,  Carlsbad,  CA)  per  manufaeturer’s  instructions.  Calcein  green  was  administered  to 
miee  via  intraperitoneal  injection  (20  mg/kg)  (Sigma-Aldrich,  St.  Louis,  MO)  at  DPA  13  and  digits  were  harvested 
24  hours  later  at  DPA  14.  Calcein-positive  sliees  were  subsequently  cultured  in  1  pg/mL  Alizarian  Complexone 
(Sigma-Aldrich,  St.  Louis,  MO)  in  culture  media  in  standard  tissue  culture  conditions,  protected  from  light. 
Samples  were  incubated  in  0.3  M  sucrose  at  37°  C  for  4  hours,  snap  frozen,  cryosectioned  and  analyzed  for  bone 
formation  using  a  fluorescent  deconvolution  microscope.  Administration  of  hypoxyprobe™-!  Plus  was  per  the 
manufacturer’s  instructions.  Briefly,  hypoxyprobe'^'^- 1  Plus  was  administered  via  intraperitoneal  injection  at  a 
dosage  of  60  mg/kg.  Mice  were  sacrificed  and  digits  harvested  and  fixed  in  Z-fix  after  45  minutes.  To 
quantitatively  determine  the  total  area  of  positive  signal,  photomicrographs  of  entire  representative  digit  sections 
were  obtained  at  40x  using  an  Olympus  BX61  fluorescent  deconvolution  microscope  (Olympus  America  Inc, 
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Center  Valley,  PA).  Quantification  of  osterix,  hypoxypro^e,  FBXL5,  or  DAPI  +  area  was  performed  on  4  separate 
samples  per  time  point  by  thresholding  fluorescent  signal  and  masking  subsampling  with  Slidebook  Imaging 
software  (Intelligent  Imaging  Innovations,  Denver  CO).  The  ratio  of  total  osterix,  hypoxyprobe  or  FBXL5  +  area 
per  total  DAPI  +  area  was  then  calculated. 

Micro-computed  tomography  (pCT) 

Micro-CT  images  were  acquired  using  a  VivaCT  40  (Scanco  Medical  AG,  Bruttisellen,  Switzerland)  at  1000 
projections  per  180  degrees  with  a  voxel  resolution  of  10  pm  ,  and  energy  and  intensity  settings  of  55  kV  and  145 
pA.  Integration  time  for  capturing  the  projections  was  set  to  380  ms  using  continuous  rotation.  Images  were 
segmented  using  the  BoneJ  (Version  1. 2. 1)  Optimize  Threshold  Plugin  for  Image!  (VersionI.48c).  Changes  in 
bone  volume  were  quantified  using  the  BoneJ  Volume  Fraction  Plugin  for  Image!  and  bone  volume  was 
normalized  to  total  bone  volume  at  DPA  0.  Changes  in  bone  thickness  were  mapped  using  the  Trabecular 
Thickness  Plugin  for  Image!  and  3D  renderings  of  the  pCT  scans  and  the  bone  thickness  maps  were  created  using 
the  3D  viewer  plugin  for  Image!. 

Hyperbaric  Oxygen  Treatment  (HBOT) 

Mice  were  randomly  assigned  to  receive  HBOT  at  DPA  1 1  and  DPA  13.  The  control  group  did  not  receive  HBOT. 
Mice  were  placed  in  the  hyperbaric  chamber  (Baromedical  Research  Institute  -  Van  Meter  and  Assoc.,  Harvey, 

LA)  and  received  90  min  of  100%  oxygen  at  2.4  atmospheres  absolute  (AT A).  Compression  and  decompression  of 
the  chamber  were  executed  at  2  psi/minute.  Statistical  analysis 

Statistically  significant  differences  were  determined  using  unpaired  t-tests  with  one-or  two-tailed  distributions 
using  KaleidaGraph  (Version  4.1.1,  Synergy  Software,  Reading,  PA).  A  value  of  p<0.05  was  deemed  statistically 
significant.  In  all  cases,  data  are  represented  as  mean  ±  standard  error  of  mean  (SEM). 

Results 

Digit  regeneration  is  associated  with  a  dynamic  oxygen  profile 

P3  digit  regeneration  is  a  dynamic  process  that  involves  specific  phases  including  inflammation,  re- 
epithelialization,  bone  degradation,  blastema  formation,  and  soft  tissue  and  bone  regeneration.  The  bone-specific 
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stages  can  be  seen  in  the  |j,CT  renderings  of  Figure  1.  Following  amputation,  the  bone  volume  of  the  remaining  P3 
decreases  to  an  average  of  68%  of  the  volume  at  amputation  (DPA  0)  and  begins  to  rise  again  around  DPA  12-14 
(Fig.  1  A).  3D  renderings  of  pCT  scans  demonstrate  the  phases  of  bone  degradation  and  regeneration  (Fig.  IB).  At 
the  point  where  change  in  bone  volume  begins  to  turn  around  (DPA  12-14),  analysis  of  osterix,  a  nuclear-localized 
early  marker  of  osteoblast  differentiation  shows  that  there  are  almost  10%  more  osterix-positive  cells  at  DPA 
14  than  at  DPA  12  (p=0.037)  (Fig.  Suppl.  1),  whereas  staining  for  cell  proliferation  suggests  that  the  number  of 
dividing  cells  remains  statistically  indistinguishable  between  these  two  time  points  (Fig.  Suppl.  1). 

To  determine  whether  the  oxygen  microenvironment  of  the  P3  regenerating  digit  is  a  dynamic  variable,  we 
evaluated  hypoxic  oxygen  events  in  vivo  using  the  reductive  2-nitroimidazole  compound  pimonidazole 
Hypoxyprobe-1  (Hypoxyprobe),  which  forms  stable  adducts  in  hypoxic  areas  (<1.3%  oxygen)  that  are  identified 
using  an  anti-pimonidazole  antibody  This  analysis  included  unamputated  digits  as  well  as  regenerating  digits 
collected  at  DPA  0,  3,  7,  10,  12,  14,  and  21.  The  unamputated  digit  demonstrates  minimal  area  that  is  less  than 
1.3%  oxygen  (Fig.  2A).  Flypoxic  areas  at  DPA  0,  shortly  after  amputation,  are  limited  to  the  epithelium  and 
scattered  cells  within  the  marrow  (Fig  2B).  At  DPA  3,  positive  hypoxic  signal  is  slightly  increased  in  the  marrow 
area  and  endosteum  of  the  bone,  and  in  the  nail  epidermis,  particularly  in  the  stratum  basale  (Fig.  2C).  DPA  7 
shows  extensive  hypoxic  signal  within  the  marrow  cavity  (Fig.  2D),  affiliated  with  cuboidal  bone  lining  cells  (Fig. 
Suppl.  2A  and  B)  and  associated  with  osteoclasts  on  the  ejecting  bone  (Fig.  Suppl.  2C).  By  DPA  10,  hypoxic  signal 
is  associated  with  the  endosteum  and  the  junction  between  the  remaining  distal  bone  stump  and  the  forming 
blastema  (Fig.  2E).  Interestingly,  hypoxic  signal  is  less  robust  at  DPA  10  than  at  DPA  7,  and  is  predominantly 
affiliated  with  the  lining  of  the  distal  edge  of  the  bone  stump  (Fig.  2E,  arrow).  By  DPA  12,  the  majority  of  the 
newly  forming  bone,  blastema  area,  and  endosteum  are  hypoxic,  and  hypoxyprobe  signal  in  the  nail  epithelium  has 
expanded  to  include  the  distal  area  of  the  nail  bed  (Pig.  2P).  As  bone  continues  to  form  at  DPA  14  hypoxic  signal 
localizes  to  the  osteoblasts  at  the  perimeter  of  the  newly  forming  trabecular  bone,  and  can  also  be  detected  in  the 
marrow  space,  endosteum  and  nail  epithelium  (Pig.  2G).  By  DPA  21  hypoxyprobe  signaling  is  still  apparent  in 
osteoblasts  in  the  newly  formed  trabecular  bone,  but  to  a  lesser  extent  than  that  seen  in  DPA  14  (Pig.  2H). 
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In  order  to  confirm  hypoxic  events  and  evaluate  endogenous  events  of  increased  oxygen,  we  analyzed  the 
expression  of  F-box  and  leucine-rich  repeat  protein  5  (FBXL5).  FBXL5  is  critical  to  maintaining  iron  homeostasis 
within  the  cell.  The  protein  is  degraded  in  hypoxic  conditions  as  part  of  an  inverse  response  to  HIF-la 
stabilization,  which  begins  at  6%  oxygen  and  increases  exponentially  as  oxygen  continues  to  decrease  FBXL5 
stabilization  above  6%  oxygen  tension  is  independent  of  iron  concentrations  FBXL5  signal  in  the 

unamputated  digit  is  restricted  to  the  P3  marrow  cavity  (Fig.  2A').  This  signal  within  the  marrow  expands  after 
amputation  to  include  the  mesenchymal  tissue  dorso-proximal  to  the  nail  and  the  endosteum  of  P3  (Fig.  2B').  At 
DPA  3  FBXL5  signal  is  sustained  in  the  marrow  and  in  the  nail  matrix,  in  a  pattern  that  expands  towards  the 
amputated  tip  (Fig.  2C').  This  pattern  continues  through  DPA  7  (Fig.  2D').  By  DPA  10,  FBXL5  signal  is  evident  in 
the  newly  forming  soft  tissue  immediately  distal  to  the  bone  stump,  extending  towards  the  distal  tip  of  P3,  and 
affiliated  with  vasculature  within  the  marrow  (Fig.  2E').  As  P3  regeneration  begins  with  the  new  formation  of  bone 
at  DPA  12,  FBXL5  signal  is  apparent  on  the  dorsal  side  and  distal  tip  of  P3,  as  well  as  within  the  marrow  (Fig. 

2F').  By  DPA  14  FBXL5  signal  has  extended  completely  down  the  dorsal  side  of  P3  towards  the  distal  tip  affiliated 
with  cells  that  surround  the  vascular  lumen  (Fig.  2G').  This  signal  within  the  distal  tip  of  P3  expands  at  DPA  21, 
associated  predominantly  with  new  vasculature  and  with  the  area  at  the  proximal  base  of  the  dorsal  P3  connective 
tissue  (Fig.  2H'). 

These  two  profiles,  taken  together  show  mutually  exclusive  patterning  of  areas  representative  of  less  than 
1.3%  oxygen,  and  above  6%  oxygen,  and  demonstrate  that  there  are  multiple  oxygen  micro-environments  within 
the  regenerating  P3  digit.  The  blastema  phase,  which  occurs  between  DPA  10  and  14,  appears  to  be  the  most 
dynamic  of  the  temporal  oxygen  changes.  To  more  closely  evaluate  oxygen  levels,  we  quantified  the  areas  of 
hypoxyprobe  and  FBXL5  fluorescent  signals  independently  as  a  function  of  overall  DAPI  signal  in  the  P3  area  (see 
materials  and  methods)  (Fig.  2I-L).  Quantification  of  the  oxygen  profiles  during  this  time  period,  where  the 
absence  of  either  probe  is  defined  as  normoxic  in  our  digit  model,  shows  that  there  is  no  significant  change  in 
overall  amount  of  FBXL5  signal  during  these  three  time  points.  Conversely,  hypoxic  area  is  lowest  at  DPA  10 
(11%)  but  shows  a  significant  increase  to  48%  (p=0.019)  during  DPA  12.  At  DPA  14,  the  area  of  hypoxia  drops 
slightly  to  37%,  although  this  number  is  not  significantly  different  from  DPA  12  (p=0.506).  The  percentage  of 
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normoxic  cells  over  time  deereases  as  the  number  of  hypoxie  eells  increases  and  the  number  of  FBXL5 -positive 
eells  remains  the  same. 

Explant  slice  culture  model  exhibits  temporally  specific  bone  growth 

The  oxygen  profile  of  P3  supports  a  dynamie  oxygen  microenvironment  during  regeneration.  We 
hypothesized  that  inereasing  oxygen  at  speeific  time  points  during  P3  regeneration  would  either  attenuate  or 
enhanee  the  individual  phases  of  P3  regeneration.  In  order  to  control  oxygen  tension  during  P3  regeneration,  we 
engineered  an  ex  vivo  slice  eulture  digit  explant  model  of  P3.  The  regenerating  P3  mouse  digit  was  removed  at 
DPA  0,  3,  7,  11,  or  14  (Suppl.  3  A  and  B,  Fig.  3A-C,)  and  a  250  pm  median  sagittal  seetion  was  taken  without 
exposing  the  marrow;  the  nail,  epithelium  and  underlying  eonneetive  tissue  was  removed  from  eaeh  side  to 
inerease  oxygen  and  nutrient  availability.  We  compared  regeneration  in  shoe  explants  after  7  days  in  culture  (7 
days  post  slice,  DPS  7)  (Fig.  3D-F)  to  regeneration  after  7  days  in  vivo  (Fig.  3G-I).  Digit  slices  were  cultured  at 
21%  oxygen  and  5%  CO2.  Bone  formation  was  assessed  using  Alizarin  red  staining.  Bone  morphology  is  shown 
for  1)  24  hours  of  shoe  culture  (initial  time)  (Fig.  3A-C),  2)  after  7  days  of  slice  eulture  (Fig.  3D-F),  and  3)  for 
eomparable  bone  regeneration,  after  7  days  in  vivo  (Fig.  3G-I).  Explant  cultures  that  represent  DPA  0  and  3  show 
little  ehange  in  bone  morphology  ex  vivo  and  minimal  degradation  (Fig.  Suppl.  3A-F),  while  slice  eulture  samples 
from  DPA  7,  when  P3  is  actively  degrading  bone  in  vivo  (Fig.  3A),  eontinue  to  aetively  degrade  bone  ex  vivo  (Fig. 
3D).  DPA  1 1  samples,  which  represent  the  hypoxic  blastema  stage  (Fig.  3B),  show  minimal  progression  of  bone 
growth  (Fig.  3E).  Similarly,  DPA  14  samples,  taken  when  P3  is  aetively  regenerating  bone,  show  bone  growth  with 
no  evidence  of  eartilage  formation  (Pig.  3C  and  P).  Based  on  our  timed  explant  studies,  P3  sliee  regeneration  is 
restrieted  to  DPA  14  (aetive  bone  growth  stage)  and  to  a  lesser  degree  to  DPA  1 1  (blastema  stage)  and  occurs  at 
the  distal  tip  of  the  P3  stump  (Pig.  3E  and  P). 

Dynamie  labeling  of  newly  formed  bone  in  vivo  at  DPA  13  with  ealeein  green  prior  to  generating  slice 
samples  (DPA  13),  followed  by  ineubation  in  eulture  with  alizarin  complexone  shows  that  bone  forms  in  slice 
eulture  ex  vivo  (Pig.  3J-K).  In  vivo  (green)  and  ex  vivo  (red)  bone  formation  are  mutually  exelusive,  and  areas  of  ex 

vivo  bone  growth  oeeurs  both  on  trabeeulae  of  bone  previously  formed  in  vivo  (red  bone  around  green  center.  Pig. 
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3J  arrow)  and  in  de  novo  trabeculae  (red  islands  without  green  center,  Fig.  3J  asterisk).  By  DPS  6,  osterix -positive 
cells  are  evident  in  close  proximity  to  areas  of  ex  vivo  bone  formation  at  the  distal  tip  of  P3,  (Fig.  3K, asterisk).  In 
contrast,  osterix-negative  cells  are  found  in  close  proximity  to  areas  of  calcein-positive  bone  previously  deposited 
in  vivo  (Fig.  3K  arrow). 

Increased  oxygen  effects  bone  mineralization  in  DPA  14,  but  not  DPA  12  slice  explant  cultures 

To  better  understand  the  influence  of  oxygen  on  our  explants,  we  characterized  the  DPA  14  slice  explants  in 
21%  O2  and  quantified  bone  regeneration.  Digit  slices  were  cultured  for  two  weeks,  and  bone  volume  changes 
were  quantified  using  pCT  at  DPS  0,  7,  and  14.  An  overlay  of  pCT  images  shows  bone  growth  from  0  days  in 
culture  to  14  days  in  culture  (Fig.  4A).  Micro-CT  trabecular  thickness  (Tb.Th)  analysis  of  the  slice  samples  shows 
that  bone  regeneration  and  remodeling  occurs  predominantly  in,  but  is  not  restricted  to,  the  area  directly  adjacent  to 
the  P3  bone  stump,  and  the  dorsal  and  ventral  areas  flanking  the  bone  stump  (Fig.  4B).  New  bone  forms  at  the 
distal  edge  of  the  original  bone  and  Tb.Th  of  the  new  bone  increases  over  time  as  trabecular  spaces  and  cellular 
gaps  between  mineralized  islands  of  bone  consolidate  through  bone  mineralization  (Fig.  4B).  Cross-sections  of  the 
newly  formed  bone  show  a  defined  marrow  cavity  perimeter  throughout  culture.  Color-coding  shows  areas  of 
transition  as  trabecular  spacing  decreases  over  time  (Fig.  4B).  New  bone  growth  is  completely  restricted  to  the 
regenerating  digit  tip  and  does  not  occur  anywhere  else  on  the  explanted  slice  (e.g.  the  proximal  end  of  P3,  within 
the  joint  or  marrow  cavity,  or  on  the  P2  bone  (Fig.  Suppl.  4). 

Analysis  of  slice  culture  explant  samples  using  terminal  deoxynucleotidyl  transferase  (TdT)-mediated 
deoxyuridine  triphosphate  (dUTP)-biotin  nick  end-labeling  (TUNEL)  as  an  indicator  of  apoptotic  and 
necrotic  cells,  and  Click-iT  EdU  Alexa  Fluor  Imaging  Assay  (Invitrogen)  to  label  proliferating  cells,  show  a 
non-proliferating,  viable  population  of  cells  that  persist  throughout  the  experimental  timeline  (DPS  14)  and  beyond 
(DPS  21)  (Fig.  Suppl.  5).  Further  evaluation  of  the  slice  using  osterix  (OSX)  shows  that  osterix  positive  cells  can 
still  be  seen  in  the  trabecular  bone  spaces,  distal  to  the  growing  P3  bone  stump,  and  within  the  tissue  lining  the 
bone  at  DPS  3  through  DPS  12  (Fig.  Suppl.  6A,  B).  This  expression  is  consistent  with  formation  of  osteoid  matrix 
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deposition  between  already  mineralized  trabeculae  (Fig.  ^uppl.  6C,  D).  Collectively  these  data  demonstrate  that 
slice  culture  samples  maintain  a  population  of  osteoblasts  and  continue  to  show  bone  mineralization. 

Based  on  our  findings  that  slice  explants  are  viable  and  able  to  grow  bone  in  culture,  we  used  this  model  to 
test  the  effects  of  oxygen  tensions  on  bone  regeneration.  We  define  specific  oxygen  micro-environments  during 
regeneration  that  are  consistent  with  the  known  in  vivo  range  of  <1%  to  6%  in  bone  marrow  and  surrounding  tissue 
Thus  a  standard  tissue  culture  environment  of  21%  oxygen  represents  an  excessively  high  oxygen  tension. 

DPA  14  slices  show  a  significant  increase  in  bone  volume  during  a  two  week  culture  period  at  21%  oxygen  (20%, 
p=0.0008;  Fig.  4C)  whereas  DPA  12  slices  show  no  significant  change  (p=0.584)  in  bone  volume  (Fig.  4D).  This 
suggests  that  bone  mineralization  during  digit  regeneration  is  promoted  by  enhanced  oxygen  levels,  but  that  this 
effect  is  stage  dependent.  In  contrast,  DPA  12  slice  samples  show  a  significant  increase  in  bone  volume  when 
cultured  in  hypoxic  conditions  (1%  oxygen)  for  two  weeks  (9%,  p=0.007;  Fig.  4D),  whereas  DPA  14  slice  explants 
cultured  in  1%  oxygen  attenuated  the  robust  growth  seen  at  21%  oxygen  (5%  increase,  p=0.029;  Fig.  4C). 

Together,  these  data  suggest  the  existence  of  a  transition  in  oxygen  sensitivity  that  accompanies  the  shift  during 
regeneration  from  a  blastema  stage  to  the  re-differentiation  stage. 

A  hypoxic  event  is  integral  to  optimal  bone  regeneration 

Hyperbaric  oxygen  treatment  (HBOT)  is  a  method  of  administering  100%  oxygen  at  an  increased 
atmospheric  pressure.  As  a  result,  oxygen  is  able  to  saturate  the  plasma  and  hemoglobin  alike,  leading  to  elevated 
tissue  oxygen  tension  Based  on  our  data  that  a  premature  increase  in  oxygen  at  DPA  12  can  attenuate  bone 
regeneration  ex  vivo,  we  hypothesized  that  a  similar  interruption  in  vivo  compromises  P3  regeneration.  To 
administer  HBOT  we  utilized  a  specialized  hyperbaric  chamber  to  increase  oxygen  tension  in  mice  in  vivo  at  DPA 
1 1  after  P3  amputation.  The  use  of  hypoxyprobe  in  DPA  12  mice  shows  that  hypoxic  signal  is  abolished  after  a 
single  90  minute  treatment  of  100%  oxygen  at  2.4  atmospheres  of  pressure  (AT A)  (Fig.  5B)  when  compared  to  a 
control  DPA  12  (Fig.  5A).  Mice  were  subjected  to  two  independent  treatments  of  hyperbaric  oxygen  at  DPA  1 1 
and  again  at  DPA  13,  when  hypoxic  conditions  are  maximal,  in  order  to  disrupt  the  hypoxic  event.  Bone  growth 
was  based  on  bone  volume  measurements  derived  from  pCT  analyses  and  is  analyzed  as  a  percentage  of  the 
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amputated  bone  volume  at  DPA  0.  An  analysis  of  controi^  ^igit  bone  volume  (n=32)  displays  a  consistent  pattern  of 
bone  volume  changes  that  include  a  regression  period  followed  by  a  period  of  new  bone  growth  (Fig.  1 A  and  B,  5C 
and  D).  We  note  that  while  the  overall  pattern  is  consistent  there  is  considerable  variability  between  digits  in  the 
timing  and  extent  of  the  bone  regression  phase,  which  is  maximal  at  DPA  10  (Fig  lA),  as  well  as  the  rate  of  new 
bone  growth  during  the  re-differentiation  phase.  The  control  response  is  divided  into  two  groups.  The  first  group 
(Fig.  5C)  transitions  from  bone  loss  to  bone  gain  between  DPA  7  and  DPA  10  (65%  of  digits  tested).  The  second 
group  (Fig.  5D)  transitions  from  bone  loss  to  bone  gain  between  DPA  10  and  DPA  14  (35%  of  digits  tested).  No 
digits  show  a  transition  from  bone  loss  to  bone  gain  later  than  DPA  14  (Fig  1  A). 

An  analysis  of  FIBOT  treated  digits  (n=32)  shows  that  regeneration  itself  is  not  inhibited  and  the  overall 
pattern  of  bone  loss  and  bone  gain  is  not  modified,  but  there  is  considerably  more  variability  in  the  timing  and 
extent  of  the  bone  regression  phase  (Fig.  5  E-F).  This  effect  is  most  striking  in  a  subset  of  digits  (N=19,  Fig.  5F)  in 
which  the  bone  regression  phase  extended  to  DPA  21  and  was  associated  with  bone  loss.  In  this  study  we  found  a 
set  of  digits  (Fig.  5E)  that  display  a  volume  profile  similar  to  control  digits  (Fig.  1 A  and  5C)  where  the  samples 
transition  from  bone  loss  to  bone  gain  between  DPA  7  and  DPA  10.  When  both  the  affected  and  unaffected  digit 
sets  are  analyzed  we  are  drawn  to  the  general  conclusion  that  if  a  digit  is  in  a  bone  regression  phase  at  the  time  of 
HBOT  treatment,  then  the  regression  phase  is  extended,  however  if  a  digit  has  entered  the  blastema  differentiation 
phase  it  is  refractory  to  HBOT  treatment.  3D  renderings  of  a  representative  sample  of  the  pCT  data  shown  as  a 
time  lapse  movie  underscore  the  prolonged  time  period  of  degradation  and  reduced  rate  of  regeneration  (Movie. 
5H)  when  compared  to  time-matched  control  digits  (Movie.  5G)  or  HBOT  treated  digits  that  are  refractory  to 
oxygen.  Note  that  the  effects  of  the  applied  HBOT  extend  past  the  applied  hyperbaric  treatments.  In  addition, 
unamputated  digits  showed  no  evidence  of  accelerated  bone  turnover  (data  not  shown).  These  HBOT  findings 
parallel  our  oxygen  profile  of  digit  regeneration  as  well  as  our  ex  vivo  slice  explant  data  and  implies  that  digit 
regeneration  may  involve  a  key  transition  in  oxygen  sensitivity  that  is  associated  with  optimal  bone  regeneration. 
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Discussion 

Mouse  digit  tip  regeneration  is  unique  in  that  it  provides  a  predictable  intramembranous  bone  regenerative 
response  where  outgrowth  after  amputation  is  from  a  defined  region  and  occurs  without  exogenous  induction.  This 
makes  P3  amputation  an  excellent  model  in  which  to  study  the  effects  of  oxygen  during  regeneration.  That  oxygen 
tensions  fluctuate  during  the  P3  regeneration  process  is  evident  in  vivo  when  viewing  specific  markers  for  hypoxia 
and  hyperoxia,  and  our  observation  that  P3  regeneration  is  associated  with  a  mutable  oxygen  microenvironment  is, 
to  our  knowledge,  the  first  characterization  of  oxygen  environments  within  a  regenerating  mammalian  system. 
Areas  of  hypoxia  and  hyperoxia  are  temporally  and  spatially  distinct  and  predictable.  Within  our  described  time 
frame,  we  observe  two  major  hypoxic  events:  the  first  is  within  the  bone  marrow  prior  to  blastema  formation,  and 
the  second  is  associated  with  the  regeneration  blastema  itself  In  contrast,  hyperoxic  regions  remain  relatively 
constant  during  the  regenerative  response  and  are  associated  with  the  vasculature.  Our  in  vitro  and  in  vivo  studies 
focusing  on  the  blastema-specific  hypoxic  stage  provide  evidence  that  oxygen  plays  an  active  role  in  regulating  the 
regeneration  timeline  and  controls  the  normal  transition  from  a  bone  degradation  phase  to  a  bone  mineralization 
phase. 

Hyperbaric  oxygen  applied  during  the  normally  hypoxic  blastema  phase  prolongs  the  osteoclast  driven 
bone  degradation  phase  even  after  the  oxygen  application  has  been  removed.  This  fact  suggests  that  increased 
oxygen  not  only  promotes  immediate  effects  but  also  cues  and  sustains  a  series  of  cellular  changes  downstream  of 
the  original  oxygen  application.  Although  our  data  imply  that  our  results  are  the  direct  consequence  of  changes  in 
oxygen,  our  studies  do  not  exclude  the  fact  that  these  changes  may  be  due  to  the  elevated  activity  of  free  oxygen 
radicals  (ROS)  generated  downstream  from  hyperoxia  These  mechanisms  will  likely  prove  to  be  the  focus  of 
future  studies. 

Prolonged  bone  degradation  after  HBOT  is  in  accordance  with  earlier  in  vitro  hyperbaric  studies  on 
osteoclast  activity  that  demonstrate  increased  osteoclast  activity  however,  our  findings  contrast  recent  studies 
showing  hypoxic  conditions  increase  the  number,  size,  and  activity  of  osteoclasts  Since  osteoclast  activity 

linked  to  the  digit  regenerative  response  is  transient  and  a  decline  in  osteoclast  numbers  is  associated  with  the 
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hypoxic  blastema  it  is  likely  that  the  role  that  oxygen  pfays  in  osteoelast  activity  is  context  dependent.  Indeed, 
the  exacerbated  degradation  we  observe  during  P3  regeneration  is  not  observed  in  HBOT  of  uninjured  digits, 
suggesting  that  the  oxygen-related  degradation  response  is  dependent  upon  secondary  factors  associated  with 
multi-tissue  injury. 

Our  studies  show  that  reducing  oxygen  during  the  bone  mineralization  phase  can  inhibit  bone  growth  in 
vitro  but  increasing  oxygen  with  HBOT  does  not  modify  the  in  vivo  rate  of  bone  growth  during  regeneration.  This 
finding  is  consistent  with  the  conclusion  that  oxygen,  or  its  downstream  effects,  is  required  for  bone  regeneration 
but  is  not  rate  limiting.  Similarly,  studies  in  vitro  have  shown  that  hypoxia  limits  the  bone  forming  capacity  of 
committed  osteoblasts  Adequate  oxygen  levels  are  known  to  be  required  for  collagen  hydroxylation;  pro¬ 

collagen  molecules  that  are  not  effectively  hydroxylated  are  unable  to  undergo  appropriate  folding  and  are  retained 
in  the  cytoplasm  Once  the  cell  attains  critieal  oxygen  levels  needed  for  hydroxylation,  collagen  excretion 
proceeds  as  usual,  producing  an  immediate  reaction  to  increases  in  oxygen  Thus,  hypoxic  conditions  may 
temper  bone  mineralization  in  a  cell-independent  manner  by  inhibiting  the  hydroxylation  of  collagen.  Nevertheless, 
our  finding  that  HBOT  does  not  induce  precocious  bone  mineralization  suggests  that  oxygen  tension  itself  is  not 
acting  to  cue  the  onset  of  bone  mineralization  as  the  blastema  transitions  to  the  re-differentiation  phase. 

The  hypoxic  event  that  we  observe  prior  to  blastema  formation  is  largely  restricted  to  the  P3  bone  marrow 
and  may  be  assoeiated  with  the  activation  of  bone  marrow  derived  progenitor  cells.  Studies  characterizing  the  bone 
marrow  stem  cell  niche  show  activated  progenitor  cells  become  increasingly  hypoxic  when  stimulated  to  mobilize 
At  DPA  7  we  see  a  similar  dramatic  increase  in  the  number  of  hypoxic  cells  in  the  bone  marrow,  particularly 
along  the  endosteum,  and  suggest  this  increase  could  correspond  to  progenitor  cell  activation.  Osteoblast 
progenitor  cells  have  been  shown  to  contribute  to  digit  tip  regeneration  and  in  vitro  studies  show  that  hypoxic 
micro-environments  promote  proliferation  and  delay  osteoblastic  differentiation  These  data  are 
consistent  with  the  idea  that  a  bone  marrow  specific  hypoxic  event  is  required  for  stem  cell  activation  during  the 
digit  regenerative  response.  The  recent  demonstration  that  a  hypoxic  event  is  linked  to  cardiomyocyte  proliferation 
during  zebrafish  heart  regeneration  is  also  consistent  with  this  conelusion  Overall,  these  studies  provide  strong 
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evidence  that  the  dynamic  regulation  of  oxygen  tension  in  vivo  plays  a  critical  role  for  stem  cell  activation  and 
blastema  formation  during  a  regenerative  response. 

In  summary,  the  oxygen  micro-environment  changes  dynamically  during  successful  regeneration  in 
mammals.  Early  events  are  characterized  by  a  hypoxic  bone  marrow  and  may  be  linked  to  the  activation  of 
progenitor  cells.  Subsequent  hypoxic  events  in  the  blastema  are  associated  with  the  maintenance  of  proliferation 
and  the  transition  from  a  tissue  degradation  phase  to  a  tissue  rebuilding  phase.  Finally,  we  show  a  release  from 
hypoxia  is  necessary  for  the  re-differentiation  of  bone  tissue.  Identifying  the  anabolic  and  catabolic  effects  of 
oxygen  during  regeneration  underscores  the  magnitude  of  the  temporal  influence  of  environmental  cues. 
Identifying  and  exploiting  this  timeframe  for  the  development  of  future  regeneration  therapies  will  be  critical  and 
will  hopefully  lead  to  endeavors  that  will  allow  us  to  convey  directed,  patterned  bone  regeneration  where  it  does 
not  yet  exist.  Our  studies  represent  an  encouraging  step  towards  refining  techniques  for  alternative  therapies  for 
regeneration. 
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Fig.  1.  In  vivo  bone  regeneration  shows  distinct  phases  of  degradation  and  growth.  (A)  Bone  regeneration 
shows  an  initial  phase  of  bone  degradation  before  beginning  to  grow  bone  at  DP  A  10  (N=5  mice,  N=10  digits). 
Samples  were  analyzed  for  bone  growth  using  pCT.  Data  is  normalized  to  initial  DPA  0  bone  volume.  Error  bars 
represent  SEM.  (B)  Representative  sample  of  pCT-generated  3D  renderings  of  the  P3  regeneration  timeline  in  vivo 
are  shown  beneath  the  X-axis. 

Fig.  2.  P3  regeneration  represents  a  dynamic  oxygen  microenvironment.  (A-H)  Oxygen  profding  in  vivo  using 
Hypoxyprobe-1  (<1.3%  oxygen)  indicates  hypoxic  micro-environments  (<1.3%  oxygen)  at  DPA  7  (marrow),  12 
(blastema),  and  14  (trabecular  spaces).  (E)  Arrow  indicates  hypoxic  signal  at  the  distal  edge  of  the  bone  stump.  (A'- 
H')  Positive  signal  from  oxygen-stabilized  protein  FBXE5  (>5%-6%  oxygen)  shows  signal  in  the  marrow  in  the 
unamputated  and  DPA  0-10.  FBXE5  is  also  apparent  at  DPA  3-12  in  the  dorsal  proximal  coimective  tissue  N=3, 
representative  sample  shown.  (I-K)  Colorimetric  overlay  of  hypoxyprobe  (pink)  and  FBXE5  (green)  as  compared 
to  normoxic  (purple)  areas  at  DPA  10,  12,  and  14.  (E)  The  anti-hypoxyprobe  (pink)  and  anti-FBXL5  (green) 
stained  cells  were  selected  and  plotted  as  cell  counts  versus  DAPI  staining.  Percentages  of  cells  are  shown  in  the 
bar  graph.  Cells  expressing  DAPI  signal  only  are  shown  as  the  remaining  percentage  (purple).  Scale  bar  represents 
100  pm.  N=4  with  representative  sample  shown.  Distal  =  left,  proximal  =  right 

Fig.  3.  Slice  culture  models  regenerate  bone  ex  vivo.  Digits  were  removed  at  DPA  7  (A),  1 1  (B),  and  14  (C),  and 
slices  were  grown  in  culture  for  7  days  (D-F).  Whole  mount  Alizarin  red  staining  shows  bone  regression  and 
growth  at  different  time  points  along  the  regeneration  timeline  (arrow).  DPA  1 1  and  DPA  14  samples  show  new 
bone  growth  (dotted  black)  when  compared  to  the  estimated  original  bone  (solid  white).  Initial  time  depicts  digits 
at  time  of  removal.  7  days  in  culture  shows  slices  after  7  days  post  slice.  Regeneration  after  7  days  in  vivo  is 
included  for  comparison  (G-I).  Original  bone  prior  to  degradation  is  shown  outlined  in  solid  black.  Sequential 
labeling  of  regenerating  bone  was  performed  in  vivo  using  calcein  green  and  subsequently  ex  vivo  using  alizarin 
complexone  (J-K).  Ex  vivo  bone  regeneration,  shown  in  red,  is  evident  at  the  progressing  perimeter  of  the  original 
calcein  labeled  bone  (J,  arrow).  Areas  of  ex  vivo  bone  growth  that  are  independent  of  calcein  staining  are  also 
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apparent  at  the  distal  end  of  P3  (J,  asterisk)  lOOx  magnil^ation.  At  400x  magnification,  areas  of  Alizarin-positive 
bone  are  associated  with  osterix-positive  cells  (K,  asterix)  and  areas  of  calcien-positive  bone  are  associated  with 
osterix -negative  cells  (K,  arrow).  Green=  Calcien,  Red=  Alizarin  Red  Complexone,  Pink  =  Osterix,  Grey=  DAPI 
N=2  (in  vivo),  N=3  (slice)  with  representative  sample  shown. 

Fig.  4.  The  anabolic  effect  of  oxygen  is  temporally  specific  during  P3  regeneration,  (A)  DP  A  14  explant  slice 
samples  show  a  distinct  pattern  of  new  bone  formation  in  culture.  Overlaid  pCT-generated  3D  renderings  of  a 
representative  slice  sample  show  areas  of  new  bone  growth  (DPS  14)  in  red,  and  original  bone  (DPS  0)  in  gray.  (B) 
Micro-CT  scans  of  the  same  sample  seen  in  4A  are  pseudo-colored  according  to  trabecular  thickness.  Color 
changes  indicate  bone  thickness  in  mm  with  an  example  of  increasing  thickness  across  time  points  indicated  by  the 
arrow.  Sample  cross-sections  show  a  distinct  marrow  cavity  throughout  culture.  (C)  DPA  14  slice  samples  fail  to 
mineralize  bone  at  1%  oxygen  (N=5),  but  show  bone  growth  at  21%  oxygen  (N=8).  (D)  In  contrast,  DPA  12  slice 
samples  fail  to  mineralize  bone  at  21%  oxygen  (N=5),  but  show  an  increase  in  bone  after  culture  at  1%  oxygen 
tension  (N=4) 

Fig.  5.  Disruption  of  the  blastema  hypoxic  event  prevents  optimal  P3  regeneration.  (A)  DPA  12  hypoxic 
blastema  prior  to  HBOT  treatment  (B)  DPA  12  blastema  5  hours  after  HBOT  treatment  shows  no  hypoxic  signal. 
Scale  bar  =100  pm  (C-D)  Tracking  the  bone  volume  changes  of  individual  digits  during  the  regeneration  process 
reveals  two  groups  of  mice.  In  the  first  group  (C),  bone  degradation  ends  and  bone  growth  begins  between  DPA  7 
and  DPA  10  (n=21  digits).  In  the  second  group  bone  degradation  ends  and  bone  regeneration  begins  between  DPA 
10  and  14  (D,  n=l  1  digits).  Black  bars  show  inclusive  area  of  bone  volume  tum-around.  (E-F)  Mice  treated  with 
HBOT  at  DPA  1 1  and  DPA  13  respond  differently  to  treatment  depending  upon  the  stage  of  regeneration.  Digits 
treated  with  HBOT  after  bone  regeneration  has  already  begun  (E,  n=13),  show  little  response  to  hyperbaric 
treatment  and  graphs  appear  similar  to  control  digits  (C).  Digits  treated  with  HBOT  prior  to  the  bone  growth  phase 
(F,  n=19)  show  a  prolonged  period  of  degradation  and  a  wider  range  of  bone  degradation  to  bone  growth  tum- 
around  points  (black  bar).  (G)  Time  lapse  imaging  showing  the  P3  regenerative  response  in  a  control  digit.  (H) 
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Time  lapse  imaging  of  a  representative  digit  (from  F)  treated  with  HBOT  at  DP  A  1 1  and  DP  A  13  showing 
prolonged  bone  degradation  and  a  slower  rate  of  bone  growth. 
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